Changes in gene expression are induced by extracellular stimuli most of which are perceived by cell surface receptors. One major class of surface receptors, receptor tyrosine kinases, are primed to react to specific growth factors. Upon ligand binding, the receptor subunits mutually phosphorylate each other. The phosphorylated tyrosine peptide motifs then become docking sites for numerous proteins of the signal transduction network. Most data are compatible with the idea that the ligand triggers this activity of receptor tyrosine kinase by stabilizing the association of subunits (1, 2).
In addition to physiologic stimuli, many adverse agents such as carcinogens, metal toxins, oxidants, and radiation can induce signal transduction cascades and changes in gene expression. Ultraviolet (UV) 1 radiation of various wavelength has received most attention. The response to UV appears to depend on several primary radiation target molecules (3, 4) . Interestingly, part of the immediate response to UV is mediated by the ligand-independent activation of growth factor receptors (5-7). For instance, the epidermal growth factor receptor (EGFR) and the platelet-derived growth factor receptor (PDGFR) are autophosphorylated within seconds of UV irradiation of cells in culture. The autophosphorylation appears to lead to fully functional receptor signaling, best shown for the EGFR (5, 8 -10) and the insulin receptor (6) . Several components of signal transduction, Grb-2, phospholipase C-␥, and Shc that contain SH2 domains or phosphotyrosine-binding domains associate with the receptors in UV-irradiated cells. In consequence, Ras and the Ras-dependent signal transduction pathway to Erk and several other signaling pathways (11) are activated. From the successful activation by UV of receptor heterodimers the conclusion has been derived that a substantial fraction of the receptor tyrosine kinases are in dimer configuration in the absence of ligand and prior to the UV stimulus (Ref. 12 , and references therein).
How can an unspecific agent such as UV lead to a gain of function: up-regulation of enzymatic activity of the receptors? One suggestion has been, that UV causes cross-links of associated receptor monomers. The dose of UV that would be needed to substantially cross-link proteins, is, however, at least 1 order of magnitude higher than that efficiently activating the receptors. Clustering has, however, been observed for the tumor necrosis factor receptor after UV irradiation (7). It is not clear whether the clustering represents the primary event or whether it is the result rather than the cause of activation. An alternative suggestion has been derived from comparative studies of the kinetics of receptor dephosphorylation with or without UV irradiation (9) . UV strongly retards dephosphorylation of both, EGFR and PDGFR. In vitro, irradiation of a plasma membrane vesicle preparation containing phosphatase inactivated the enzymatic activity, compatible with the idea that specific receptor-directed protein tyrosine phosphatases (PTPs) could be the targets of UV irradiation, resulting in the inactivation of the catalytic PTP function. Also, other ligandindependent activations of receptor tyrosine kinases (12, (13) (14) (15) may be achieved by an interference with receptor dephosphorylation. Both concepts for the mechanism of UV-mediated receptor tyrosine kinase activation, PTP inactivation and receptor cross-linking, are not necessarily mutually exclusive.
Here, we present evidence that decides between the two proposed modes of activation: receptor dimerization or phosphatase inactivation. Although UV strongly induced PDGF␤ receptor kinase activity, it did not bring the receptor subunits into the same chemically cross-linkable configuration as did PDGF. This result was obtained both in receptor-enriched membrane micelle fractions in vitro or in vivo in intact cells. Strongly overexpressed PDGF␤ receptor could, however, be chemically cross-linked in the absence of PDGF, suggesting that dimerization can occur spontaneously. Spontaneous dimers are likely responsible for the UV induced activity in that we obtained direct evidence for inactivation by UV of PTPs. Several candidate PTPs for PDGFR and EGFR overexpressed in cells: SHP-1, RPTP␣, RPTP, and DEP-1, were inhibited upon UV irradiation. Pretreatment of the cells with the thiol-protecting agent N-acetylcysteine prevented the PTP inhibition by UV suggesting that the inactivating reaction involved a thiol group and presumably an oxidative process. The highly conserved cysteines in the active center of the PTPs may represent the decisive targets. In support of this interpretation, UV irradiation provoked the generation of a substrate-trapping configuration of RPTP␣ similarly to that introduced by replacement of cysteine 433 by serine.
MATERIALS AND METHODS
Plasmids-cDNAs for murine RPTP␣ (16) , murine RPTP (17), human DEP-1 (18) , and human SHP-1 (19, 20) were kindly provided by Drs. M. Thomas, M. Ogata, A. Ö stman, and A. Ullrich, respectively. For introduction of a VSV-G epitope tag into RPTP␣, RPTP, and DEP-1, the respective DNAs were subcloned into the pBluescript II KS vector (Stratagene) and a SacI site preceding the stop codon was introduced by polymerase chain reaction. The oligonucleotides VSV1 (5Ј-CTACAC-CGACATCG AGATGAACCGGCTGGGCAAGGAGCT-3Ј) and VSV2 (5Ј-CCTTGCCCAGCCGGTTCATCTCGATGTCGGTGTAGAGCT-3Ј) coding for the VSV-G epitope flanked by sequences complementary to SacI overhanging ends were annealed in vitro and cloned into the newly created SacI site of the phosphatase DNAs. The resulting DNAs were subsequently subcloned into the mammalian expression vector pRK5RS (21) . cDNAs for the human EGF receptor (in pRK5RS) and human PDGF␤ receptor were generously provided by Drs. A. Ullrich and C. H. Heldin, respectively. For transient expression, the PDGF␤ receptor cDNA was subcloned into the EcoRI/HindIII-digested pcDNA3 vector (Invitrogen). Site-directed mutagenesis of the cDNAs of RPTP and DEP-1 to generate C1545S RPTP and C1239S PTP DEP-1 mutants in pRK5RS was accomplished using the U-labeled template method of Kunkel (22) and the Bio-Rad (Munich, Germany) Mutagene kit. The C433S mutation of RPTP␣ was generated by polymerase chain reaction-based mutagenesis using primers that carry the desired mutations and appropriate restriction sites to substitute the mutated for the original fragment of the phosphatase DNA. The structure of all constructs was verified by DNA sequencing.
Cell Culture and Transfections-293 human embryonal kidney cells were grown and transiently transfected as described earlier (23) . A431 cells stably transfected with SHP-1 DNA, or corresponding mock-transfected A431 cells were obtained as described elsewhere 2 and cultivated in Dulbecco's modified Eagle's medium, 10% fetal calf serum in the presence of 0.8 mg/ml G418 (Life Sciences).
UV and Growth Factor Treatments-Cells were cultivated in 60-or 35-mm 6-well plates and starved in Dulbecco's modified Eagle's medium, 0.5% fetal calf serum overnight (transfected 293 cells) or in serum-free Dulbecco's modified Eagle's medium for 4 h (A431 cells). The cells were mock-treated or irradiated through the medium (2 ml in 60-mm or 1 ml in 35-mm dishes, respectively) with lamps from Vetter (Wiesloch) with the following characteristics. The UVA lamp (UVL15) emitted half-maximal between 335 and 370 nm with 11.5 watts/m 2 at a distance of 8 cm; the peak of maximal emission was at 355 nm.
The UVB lamp (UVM 15) emitted half-maximal between 285 and 330 nm with a maximal peak at 312 nm. The overall emitted light flux was determined with 9 watts/m 2 at a distance of 8 cm. For UVC treatment the Stratalinker 1800 (Stratagene) was used. For all irradiations, the air in the Stratalinker was substituted by nitrogen gas to avoid ozone effects, and 2 kJ/m 2 were applied if not otherwise indicated. Cells were irradiated directly in the dishes and PDGF receptor preparations were irradiated on microscopic slides (8-well tissue chamber slides, Nunc). For growth factor stimulation, cells were treated with 100 ng/ml PDGF-BB (TEBU, Frankfurt) or 10 -100 ng/ml EGF (recombinant human EGF kindly provided by Dr. R. Perez) at 37°C for 5 min.
MAPKAP Kinase 2 Assay-Approximately 1 ϫ 10 6 mock-transfected or SHP-1-transfected A431 cells in 60-mm dishes were starved in serum-free Dulbecco's modified Eagle's medium for 4 h and treated with EGF (100 ng/ml at 37°C for 5 min) or a respective solvent and subsequently mock-treated or irradiated with UVC light (2 kJ/m 2 ) as described above. After 30 min at 37°C the cells were washed once with PBS and then harvested by scraping in PBS and centrifugation at 2,000 ϫ g for 5 min. The pellets were either snap-frozen in liquid nitrogen and stored at Ϫ80°C or lysed directly in lysis buffer (20 mM Tris acetate, pH 7.0, 0.1 mM EDTA, 1 mM EGTA, 1 mM Na 3 VO 4 , 10 mM ␤-glycerophosphate, 50 mM sodium fluoride, 5 mM pyrophosphate, 1% Triton X-100, 1 mM benzamidine, 0.27 M sucrose, 0.1% ␤-mercaptoethanol, 0.2 mM phenylmethylsulfonyl fluoride) on ice for 15 min and centrifuged at 15,000 ϫ g for 10 min. Equal amounts of total cellular protein (50 g) were incubated in assay buffer (20 Cross-linking Experiments and in Vitro PDGFR Autophosphorylation-PDGF␤ receptor was partially purified from hPDGF␤R overexpressing TRMP cells (24) kindly provided by Dr. A. Kazlauskas as described earlier (25) . PDGFR-containing micelle fractions were mocktreated or irradiated as described above. 10 l of this preparation was mixed with 10 l of 20 mM HEPES, pH 7.5, 10 mM MnCl 2 , 1 mM dithiothreitol. Effectors were added as indicated in the figure legends at the following concentrations: sodium orthovanadate, 0.1 mM; N-acetylcysteine (NAC), 10 mM; iodoacetamide, 5 mM. The samples were incubated with PDGF-BB (1 g/ml final concentration) or respective solvent on ice for 20 min. In some experiments (see figure legends) the specific PDGF receptor blocker AG1296 (26) was included at a final concentration of 10 M. Then, ATP was added (2.5 Ci, 12.5 M final concentration) and the samples were incubated on ice for 10 min. Thereafter, the reaction was either terminated with SDS-PAGE sample buffer or a mixture of ATP and phenyl phosphate was added to a final concentration of 2 and 6 mM, respectively, and the incubation was continued at 25°C for 30 min and then terminated by addition of SDS-PAGE sample buffer. For cross-linking, disuccinimidyl suberate (Pierce, final concentration 0.3 mM) or the respective solvent dimethyl sulfoxide (final concentration 5%) were included during the 30-min incubation and methylamine/HCl, pH 7.4 (final concentration 70 mM), was added before stopping with SDS-PAGE sample buffer. The samples were analyzed by SDS-PAGE on 4 -9% gradient gels and subsequent autoradiography or immunoblotting using DIG-1 anti-PDGFR antibody (26) for detection. For cross-linking of PDGFR in intact cells, the method of Tomaska and Resnick (27) was used with slight modifications. 293 cells transiently transfected with hPDGF␤R were irradiated with UVC as described and then stimulated with 100 ng/ml PDGF-BB at 37°C or mock-treated with respective solvent. The cells were suspended, transferred into microcentrifuge tubes on ice, and washed four times with ice-cold PBS. One ml of ice-cold PBS, 25 mM HEPES, pH 7.4, was added per tube and either cross-linker bis(sulfosuccinimidyl)suberate (Pierce, 1.5 mM final concentration) or dimethyl sulfoxide (1% final concentration) were added and kept on ice for 8 min. Thereafter, the cells were centrifuged and resuspended in PBS, 10 mM ammonium acetate for 2 min, then washed two times in PBS. The cell pellets were extracted with lysis buffer as described below and the glycoproteins were enriched by adsorption to wheat germ-agarose beads by incubating the lysates with 30 l of a 1:1 suspension of wheat germ-agarose (Amersham Pharmacia Biotech) and by end-over-end rotation at 4°C for 45 min. The beads were washed once with lysis buffer, and the adsorbed proteins were extracted with SDS-PAGE sample buffer and analyzed using 4 -9% PAGE gels and immunoblotting with DIG-1 anti-PDGFR antibodies or RC20 (E120H, Transduction Laboratories) anti-phosphotyrosine antibodies.
To monitor the receptor dephosphorylation kinetics, autophosphorylation was carried out as described above. The reaction was then quenched by addition of unlabeled ATP and phenyl phosphate (2 and 6 mM, final concentrations, respectively), the reaction mixture was placed at 25°C and aliquots were removed and mixed with SDS-PAGE sample buffer at various times (see figure legends) .
Phosphorylation of an Exogenous Substrate Peptide-UV-irradiated or mock-treated samples of partially purified PDGF␤ receptor were treated with PDGF-BB (1 g/ml, final concentration) on ice for 30 min. Subsequently, ATP was added (200 M) and autophosphorylation was allowed to proceed in the presence of 2.5 mM MnCl 2 , 50 mM HEPES, pH 7.5, at 25°C for 30 min. The kinase reaction was quenched by addition of EDTA (2 mM) and samples were incubated at 25°C for 60 min. The samples were transferred onto ice and substrate peptide KY751 (corresponding to the sequence around tyrosine 751 of the PDGF␤ receptor (25) ) was added to a final concentration of 3 mM along with MnCl 2 (10 mM), sodium orthovanadate (1 mM), and [␥-
32 P]ATP (5 Ci/sample) in a final volume of 20 l. The reaction was incubated for 20 min and then quenched by addition of 10 l of 15 mM EDTA, 1.5 mg/ml bovine serum albumin, and 10 l of 40% (w/v) trichloroacetic acid. After 1 h on ice, the samples were centrifuged in a cooled microcentrifuge for 10 min, and 25 l of the supernatants were removed and subjected to analysis of KY751 peptide phosphorylation as described earlier (25) .
Immunoprecipitation and Immunoblotting-Appropriately pretreated cells were harvested with ice-cold lysis buffer (0.2 ml/35-mm dish) containing 50 mM HEPES, pH 7.5, 150 mM NaCl, 1.5 mM MgCl 2 , 1 mM EGTA, 10% glycerol, 1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 1% aprotinin, and 1 mM sodium orthovanadate. For phosphatase assays and coprecipitation experiments, the lysates were prepared in the absence of vanadate. The lysates were centrifuged at 20,000 ϫ g and 4°C for 20 min and equal amounts of lysate protein (20 g) were directly analyzed by SDS-PAGE and immunoblotting. For immunoprecipitation of the VSV-tagged phosphatases the lysates were incubated with monoclonal anti-VSV-G antibody (V-5507 Sigma, 2 g per lysate of one 35-mm dish) on a rotating wheel at 4°C for 1 h. After addition of 2 g of goat anti-mouse Ig (M 7023, Sigma) and another incubation at 4°C for 1 h, 30 l of a 1:1 slurry of protein A-Sepharose (Amersham Pharmacia Biotech) were added and the mixture was incubated further at 4°C for 1 h. The precipitates were collected by centrifugation (10 s, 2,000 ϫ g) and washed three times with 0.75 ml of ice-cold lysis buffer. Immune complexes were resolved by SDS-PAGE and subjected to immunoblotting. Immunoblots were prepared using Immobilon-polyvinylidine difluoride membranes (Millipore, Bedford, United Kingdom). For detection of phosphotyrosine, SHP-1, or EGF receptor, the blots were blocked with 1% bovine serum albumin and probed with polyclonal anti-phosphotyrosine antibody (P11230 Transduction Laboratories) at a 1:500 dilution, anti-SHP-1 antibody (P17420, Transduction Laboratories) at a 1:2500 dilution, or anti-EGFR antibody (sc-03, Santa Cruz) at a dilution of 1:1000, respectively, followed by peroxidase-conjugated goat-anti rabbit antibody (sc-2004, Santa Cruz) at a dilution of 1:4000. For detection of PDGF receptors or VSV-tagged phosphatases, the blots were blocked with 3% nonfat dry milk and developed with polyclonal anti-PDGF␤R antibody (06 -498, UBI) at a 1:1000 dilution followed by peroxidase-conjugated goat anti-rabbit antibody or with monoclonal anti-VSV-G antibody (V-5507 Sigma) at a 1:5000 dilution, followed by peroxidase conjugated goat-anti mouse antibody (sc-2005, Santa Cruz) at a dilution of 1:4000.
PTP Assays-Cell lysates, PTP immunoprecipitates, and PDGF␤ receptor preparations (see above) were obtained in the absence of phosphatase inhibitors, and assayed for PTP activity using [ 32 P]Raytide as a substrate as described earlier (23) . In brief, Raytide (Oncogene Research Products) was labeled with pp60 src kinase (UBI) at 30°C for 3 h in a total volume of 30 l containing 50 mM HEPES, pH 7.5, 0.015% Brij 35, 0.1 mM EDTA, 0.1 mg/ml bovine serum albumin, 0.2% ␤-mercaptoethanol, 20 mM MgCl 2 , 100 M ATP, and 30 Ci of [␥-32 P]ATP. The labeling mixture was applied to a 0.5-ml column of Dowex 1X-8, equilibrated in 30% acetic acid, and the 32 P-labeled Raytide was eluted with acetic acid and stored in aliquots at Ϫ80°C. For the assay, an aliquot was dried in a vacuum centrifuge and redissolved in assay buffer (50 mM MES, pH 6.0, 20 mM dithiothreitol). The lysates or immunoprecipitates (diluted appropriately to yield activities in the linear range of the assay) were incubated in 40 l of assay buffer with [ 32 P]Raytide (30,000 -50,000 cpm) at 37°C for 30 min. The reaction was stopped by addition of 750 l of ice-cold stop solution (0.9 M HCl, 90 mM sodium pyrophosphate, 2 mM NaH 2 PO 4 , 4% Norit A). After centrifugation for 10 min, 400 l of the supernatant were subjected to liquid scintillation counting.
RESULTS

UV Treatment Inactivates Protein-tyrosine Phosphatases but Does Not Induce Receptor Cross-linking Nor a Receptor Association That
Could be Chemically Cross-linked-As previously reported (9) UV irradiation of cells causes efficient autophosphorylation of both the EGF and PDGF receptors. To investigate whether ligand-independent activation of growth factor receptor by UV irradiation involved induced dimerization, we chose the PDGF receptor for which cross-linking conditions have already been established (28) . In addition to activation in intact cells we elaborated conditions of sufficiently strong UVinduced autophosphorylation in vitro: UV irradiation of the isolated PDGF receptor in Triton X-100-containing membrane fractions from TRMP cells stably transfected with a human PDGF␤ receptor expression construct (25) .
UV treatment of these preparations strongly increased PDGF␤ receptor autophosphorylation, both in the absence and presence of PDGF (Fig. 1, A, lanes 3 and 8 versus 1 and 6 ). This increase was almost completely prevented when the reducing agent NAC had been added before UV irradiation (lanes 5 and 10). Addition of NAC after UV irradiation led to a partial reduction of the phosphorylation signal (lanes 4 and 9) suggesting that the UV effect on receptor phosphorylation can be partially reversed by the reducing agent. Treatment of the preparation with the known PTP inhibitor vanadate increased the receptor phosphorylation to similar levels as observed with UV irradiation (lanes 2 and 7), indicating that PTP(s) are present in the receptor preparation which negatively affect the receptor phosphorylation level. Although the preparation had been subjected to several purification steps, endogenous PTP activity is indeed readily detectable using [ 32 P]Raytide as a substrate (Fig. 1B) suggesting that RTK and PTP are possibly naturally associated in the plasma membrane. UV, as well as vanadate treatment strongly inhibited this PTP activity, while NAC prevented and partially reversed UV-imposed inactivation (Fig. 1B) . Thus, increases in the PDGF␤ receptor phosphorylation observed in this experiment can be strictly correlated to inactivation of the endogenous PTP(s). Interestingly, to observe the effects of vanadate or UV on receptor phosphorylation described above, incubation of the phosphorylation reaction at elevated temperature (25°C, see "Materials and Methods") was required, in agreement with the earlier finding that PDGF receptor dephosphorylation by endogenous PTP(s) in membranes or receptor preparations does not occur on ice (25) . To directly demonstrate that UV affected receptor-directed PTP activity in the PDGF␤ receptor preparations, the kinetics of receptor dephosphorylation with and without prior UV irradiation was analyzed. For these experiments, PDGF␤ receptor autophosphorylation was allowed to occur on ice, then the kinase reaction was quenched by addition of unlabeled ATP and the samples were transferred to 25°C. At different time points, aliquots were removed to evaluate the receptor phosphorylation level. As depicted in Fig. 1 , C and D, receptor dephosphorylation was clearly inhibited by UV irradiation.
We also wondered whether elevated receptor phosphorylation seen in the UV-irradiated samples would be the result of intrinsic PDGF receptor tyrosine kinase activity or secondary to activation of some other kinase in the preparation. Both, basal phosphorylation of the receptor and the UV-imposed increase were, however, completely blocked by the specific PDGF receptor kinase inhibitor AG1296 (26) (Fig. 1E) , render-ing contribution of a heterologous kinase to the observed phosphorylation level changes unlikely. As receptor phosphorylation is known to be a determinant of enzymatic activity, attempts were made to measure a possible increase in the receptor kinase activity toward an exogenous substrate, subsequent to UV irradiation. For this, the receptor was allowed to autophosphorylate and was subsequently exposed to the activity of endogenous PTPs. Thereafter, phosphorylation of a synthetic peptide substrate was measured under conditions of inhibited PTPs. No differences in the activity of UV-irradiated or mock-treated receptor preparations were, however, seen in this setting (23.9 Ϯ 1.7 arbitrary units without UV treatment, 23.3 Ϯ 0.6 with UV treatment, n ϭ 4).
To directly test whether UV can, in addition to affecting dephosphorylation, cause covalent receptor cross-links or receptor monomer to dimer associations in the PDGF␤ receptor preparation, which would lead to elevated receptor trans-phosphorylation, we followed an established protocol for visualization of ligand-induced dimer formation using the chemical cross-linking reagent disuccinimidyl suberate (25, 28, 29) . In response to PDGF, cross-linked receptor dimers were indeed detected as immune-stained retarded protein bands (Fig. 2A,  lane 2) . UV treatment of the membrane preparations did not create receptor associations that could be cross-linked by disuccinimidyl suberate (Fig. 2A, lane 3) . There was also no synergism with PDGF in that the amount of cross-linkable receptor after PDGF treatment was not enhanced by UV (Fig. 2A,  lane 4) . Lack of cross-linking occurred despite the fact that UV strongly induced autophosphorylation in these samples. In corresponding autoradiograms the induced autophosphorylation was determined. PDGF treatment led to elevated phosphorylation of receptor at the dimer and monomer positions (Fig. 2B , lane 2, compare with the control, lane 1), the latter probably because cross-linking for technical reasons is always partial. In line with the experiment shown in Fig. 1 , UV treatment resulted in a strong enhancement of receptor phosphorylation which is visible only at the monomer position in the absence of PDGF, and both in the monomer and dimer position in the presence of PDGF.
Similar experiments were performed with intact 293 cells overexpressing the PDGF␤ receptor (Fig. 3, A and B) . With these cells, receptors could be cross-linked (with bis(sulfosuccinimidyl)suberate) already in the absence of ligand stimulation (Fig. 3A, lane 3) , most likely as a consequence of the high level receptor overexpression. The amount of cross-linkable dimer formed was markedly increased by PDGF treatment (Fig. 3A, lane 4) . No dimers could be detected in the absence of the chemical cross-linker. UV irradiation, however, as in vitro, did neither enhance cross-links nor synergize with PDGF in creating cross-linkable dimers (Fig. 3A, lanes 7 and 8, in comparison to lanes 3 and 4) . UV by itself, in the absence of chemical cross-linker, could not covalently associate receptor subunits, not even in the presence of ligand (Fig. 3A, lanes 5  and 6) . As in the in vitro experiment, the reblot with phosphotyrosine-specific antibodies revealed that both PDGF and UV stimulated PDGF receptor autophosphorylation (Fig. 3B) . Because of the receptor overexpression, significant spontaneous autophosphorylation occurred and the treatment effects are visible as relatively small increases in the monomer position only.
We can thus conclude that UV does not cause the same cross-linkable receptor association as does PDGF, despite the fact that the level of activation of the receptor is similar. The interpretation seems justified that UV irradiation instead modulates the PDGF receptor phosphorylation through its effect on receptor-directed PTP(s).
UV Inactivates Defined PTPs in Intact Cells-A prediction for such a mechanism underlying the UV-dependent elevation of receptor phosphorylation would be that the expression level of receptor-directed PTPs should affect the UV response. High PTP levels should diminish the effect of UV. The PTP SHP-1 has been implicated in negative regulation of the EGFR in A431 cells (20, 23) . 2 UV treatment of these cells led to elevation of EGFR phosphorylation, at a degree comparable with ligandinduced receptor phosphorylation (9) . 3 Activation of MAPKAP kinase 2 has been demonstrated earlier as a characteristic indicator and probably important mediator of various stress responses (11) . UVC treatment of A431 cells led to a significant activation of MAPKAP kinase 2 activity. As predicted, this response was greatly diminished upon stable overexpression of SHP-1 in these cells (Fig. 4) , suggesting that at least a significant portion of the UV-induced signal transduction is mediated via the EGFR. To investigate whether SHP-1 was indeed inactivated by UV, we tested directly the effect of UV irradiation on the activity of SHP-1 rescued from lysates of SHP-1 overexpressing A431 cells by immunoprecipitation. PTP activity was measured using the phosphopeptide substrate [ 32 P]Raytide. A technical problem for these assays is created by the partial reversibility of the UV-induced inhibition in excess reducing agent (Ref. 9 and Fig. 1 ). To measure PTP activity in an in vitro assay, however, requires protection of the cysteine in the active center of the enzyme. Nevertheless, SHP-1 inactivation by UV treatment could clearly be demonstrated with these assays (Fig. 5) , suggesting that not all of the inactivated molecules were reactivated by thiol groups in the assay. Even irradiation with physiologically meaningful doses of UVA and UVB resulted in a small but reproducible inactivation of SHP-1, and UVC treatment reduced the immunoprecipitable SHP-1 activity was reduced to about 50% of that recovered from mock-treated cells (Fig. 5) . In line with earlier observations (9) and with the essential role of the catalytic cysteine, PTP activity of SHP-1 was inhibited by iodoacetamide treatment of the cells and inactivation by UV was partially prevented by NAC pre-treatment.
To be able to generalize from this finding, we tested the possible inactivation of other PTPs by UV treatment of PTP overexpressing cells. Three transmembrane PTPs, RPTP␣, RPTP, and DEP-1, dephosphorylate growth factor receptors upon transient coexpression (30, 31) . 4 VSV-tagged variants of these PTPs were transiently overexpressed in 293 cells, the cells were irradiated with UV and the effect on the PTP activity was evaluated by assaying PTP immunoprecipitates with [ 32 P]Raytide as a substrate. As shown in Fig. 6 , the activity of all three PTPs was diminished upon UV irradiation. Inhibition was reproducibly observed and significant in multiple experiments, but was only partial, possibly related to the high level overexpression of the PTPs on the one hand and the technical problems outlined above. (Only the non-reversibly inactivated portion of PTPs is detectable in these assays.) Still, the results clearly show that four defined PTPs are susceptible to UV irradiation of intact cells, supporting the existence of a common mechanism of UV action.
UV Converts RPTP␣ into a "Substrate Trapping" Derivative-As we had shown inactivation of PDGF␤ receptor-directed PTP(s) in the membrane micelle preparation (see above) we were interested to investigate the effect of UV irradiation on a defined PTP acting on the receptor. The identity of the PTP(s) regulating the PDGF␤ receptor phosphorylation in vivo is yet unknown. We, therefore, chose RPTP␣ to investigate the consequences of UV-imposed PTP inactivation for interaction with the autophosphorylated PDGF␤ receptor. In 293 cells coexpressing the PDGF␤ receptor and RPTP␣wt, RPTP␣ potently dephosphorylated the PDGF receptor (Fig. 7, lane 6 versus lane  1, lane 10 versus lane 5) . UV treatment increased the phosphorylation level of PDGF␤ receptor to a small extent in the absence of co-transfected PTP (Fig. 7, lanes 2-4) , and much more dramatically in the presence of co-transfected RPTP␣ (Fig. 7, lanes 7-9) compared with non-irradiated cells (lane 6), indicating reduced activity of the co-transfected PTP toward the receptor.
Prevention and partial reversibility of UV inactivation by NAC and the common structure of the active center of all PTPs suggested to us that the inactivation could be caused by oxidation of the active center cysteine. To recover sufficient PTP from transfected and UV-irradiated cells for a formal chemical proof of this assumption seemed technically out of reach. We detected, however, indirect evidence for a change in the active center of PTPs. The experiment was designed in analogy to findings with amino acid exchange mutants of PTPs. For instance, a cysteine to serine mutation of several PTPs produced inactive phosphatases which, however, bound to and remained associated with substrates (substrate trapping mutants) (32, 33) . We hypothesized that the inactivation of the catalytically active cysteine of RPTP␣ by UV could possibly create a similar substrate trapping enzyme conformation and become coprecipitable with the receptor. We tested this hypothesis by performing coprecipitation experiments employing PDGF␤ receptor and RPTP␣. The experimental conditions were first explored using the PTP mutant. As depicted in Fig. 8A (lanes 7 and 8) anti-PTP immunoprecipitates from cells coexpressing the catalytically inactive C433S-RPTP␣ mutant (RPTP␣CS) and PDGF␤ receptor, contained detectable amounts of PDGF␤ receptor, whereas little receptor could be coprecipitated with RPTP␣wt (Fig. 8A, lanes 5 and 6 , without UV treatment, as indicated). Interestingly, prior UVC treatment of the cells altered the properties of RPTP␣wt: now similar amounts of receptor from cells coexpressing RPTP␣wt and PDGF␤ receptor, and from cells coexpressing the receptor and RPTP␣CS, were coprecipitated (Fig. 8A, lanes 5 and 6 and 7 and 8 , with UV treatment, as indicated). When the blots were stripped and analyzed for phosphotyrosine containing proteins, phosphorylated receptor was readily detectable in immunoprecipitates of RPTP␣CS (Fig. 8B, lanes 7 and 8) . No phosphorylated receptor could, however, be seen upon coprecipitation of PDGF␤ receptor with RPTP␣wt even in the UV-irradiated cells (Fig. 8B,  lanes 5 and 6) . Since these experiments were carried out in the absence of vanadate to avoid competition of this transition state analog with the PDGF␤ receptor for PTP binding, it is very likely that the residually active molecules in the antiRPTP␣wt immunoprecipitate, due to excess PTP, sufficed to dephosphorylate the coprecipitated receptor.
DISCUSSION
The active state of receptor tyrosine kinases is a dimer or multimer and it is thought that the specific ligand induces dimer formation and thereby triggers autophosphorylation and subsequent signal transduction (1, 2, 34) . Numerous observations argue in favor of this model, e.g. the fact that some ligands act as dimers themselves enforcing appropriate adaptation of receptor subunits, particularly well documented for PDGF heterodimers (2) . Other growth factors need to be presented as bound to a macromolecular matrix like heparan sulfate (Refs. 35 and 36 and references therein), an order which may be transmitted to the specific receptors. It is clear that autophosphorylation is accomplished by mutual catalysis of the receptor subunits, best documented by the finding that a transfected catalytically inactive subunit is phosphorylated by the wild type dimer partner (34, 37) . Finally, ligand interaction with the receptor produces proximity of receptor subunits which can be fixed by chemical cross-linkers (28) . It is the observation of ligand-independent activation of receptor tyrosine kinases (7, 9, 13) that demands reconsideration of the model. Under the influence of UV irradiation, oxidants (9) or organometal compounds 5 or of G-protein-coupled receptors (13, 14) , mutual subunit autophosphorylation of several receptor tyrosine kinases occurs in the absence of their specific ligands suggesting that a substantial fraction of receptors must be in a dimer association prior to ligand interaction. The possibility that a naturally occurring transient association is stabilized and prolonged by these "non-ligand" treatments is made unlikely by the diverse nature of these treatments. It is made further unlikely by the finding that the action of UV, oxidants, and organometals can be separated from the substrate receptor and linked to PTPs (see Ref. 9 , and this paper). One may therefore conclude that a substantial part of the regulation is exerted by modulating the dephosphorylation of receptor tyrosine kinases. By transient or permanent inactivation of specific PTPs spontaneously active receptor tyrosine kinase is released from "down-regulation." We will now discuss what our current findings contribute to these ideas.
UV Irradiation Does Not Promote Receptor Dimer Formation-The chemical cross-linkers used were selected on the basis of published data (27) (28) (29) . They successfully link receptor chains after stimulation with PDGF. Under no conditions could UV irradiation cause receptors to become cross-linkable, despite the fact that similar degrees of autophosphorylation were achieved. This could be interpreted to mean that either receptor dimerization in the absence of ligand is too brief or too unstable to permit significant cross-linking, but suffices to cause receptor autophosphorylation if the PTPs are inhibited. Or that receptor chains are always associated and cross-linking by the given chemical cross-linker indicates a conformational change induced by the ligand but not by UV. However, when overexpressed, a fraction of receptors becomes cross-linkable in the absence of ligand. This could be clearly demonstrated in this study for the case of PDGF␤ receptors overexpressed in 293 cells (Fig. 3) . Thus, receptor dimer formation occurs in the absence of ligand and becomes detectable by (the relatively inefficient) chemical cross-linking when the equilibrium is shifted sufficiently toward the dimer state by either overexpression or ligand binding. Such a shift cannot be detected upon UV irradiation. In conclusion, our data do not lend support to the hypothesis that UV-induced activation of receptor tyrosine kinases is mediated by receptor cross-linking or enhanced association (clustering).
UV Imposed Increased Receptor Phosphorylation Requires but Does Not Up-regulate Intrinsic PDGF Receptor Kinase Activity-As previously shown in intact cells and cell membrane preparations (9) receptor dephosphorylation is retarded by UV irradiation in a PDGF␤ receptor preparation, containing receptor-directed PTP activity. As a consequence, tyrosine phosphorylation of the receptor is increased. This increase is a function of the receptor itself and not of another tyrosine kinase, e.g. of the Src family whose interaction with the PDGF␤ receptor and capacity to phosphorylate the receptor has been established (38, 39). As described earlier (40), we were unable to detect Src family kinase activity in the PDGF␤ receptor preparation used here, employing a sensitive assay with a specific Src family kinase substrate. Furthermore, as shown in this paper, the specific PDGF receptor kinase inhibitor AG1296 (26) , which has no activity toward Src family kinases, completely abolished the UV-imposed increase in PDGF receptor phosphorylation level. Thus, PDGF␤ receptor intrinsic kinase activity is required for the UV response and participation of other kinases is unlikely.
The PDGF␤ receptor is believed to become activated by autophosphorylation at tyrosine 857 within the kinase domain (41) . In line with this concept, receptor variants with mutated tyrosine 857 have a decreased signaling activity (42, 43) . Still, mutation of this residue or inhibition of its phosphorylation (25) leaves much of the kinase activity intact, suggesting that the PDGF␤ receptor kinase activity may be less stringently regulated by autophosphorylation than that of other receptor tyrosine kinases (44) . We expected that the differences in receptor phosphorylation we observed with or without UV treatment in vitro would lead to changes in receptor activity toward an exogenous substrate. We could, however, not observe such a change in activity. We cannot exclude that this is due to technical reasons. On the other hand, dephosphorylation of the receptor by endogenous PTPs may affect different autophosphorylation sites to a different extent (45) and the differences in total phosphorylation we observe in vitro may not reflect tyrosine 857 phosphorylation. Further work is required to evaluate UV effects on phosphorylation of individual sites, in particular tyrosine 857. Our finding, however, demonstrates that UV does not directly activate the receptor kinase, which again is in accordance with a PTP-mediated mechanism of UV-induced hyperphosphorylation.
The latter finding, obtained in an in vitro system, does not exclude that UV-induced elevated receptor phosphorylation secondary to PTP inactivation will in intact cells lead to elevated kinase activity. For example, additional receptor-directed PTPs are likely to be present in intact cells, whose inactivation might result in affecting individual phosphorylation sites differently from the in vitro situation. Alternatively or additionally to elevation of kinase activity, signaling could, however, also be initiated by enhanced binding of SH2 domain proteins to the hyperphosphorylated receptors.
UV Inactivation of Defined EGF and PDGF Receptor-directed PTPs-Physiologic regulation of receptor tyrosine kinases by dephosphorylation is likely to require a reasonable degree of substrate specificity of the involved PTPs, not excluding that, depending on cellular context, different PTPs could have the capacity to dephosphorylate a given receptor. Also, receptor dephosphorylation may occur with specificity of a given PTP for certain phosphorylation sites (45) and complete down-regulation of receptor activity may, therefore, require several PTPs. From previous experience on relatively low PTP specificity in vitro (46, 47) , PTP substrate specificity in the intact cell is likely to be accomplished by the closely compartmentalized association of the substrate receptor with its specific PTP. The specific dephosphorylation observed in enriched PDGF receptor-containing membrane vesicles presented here suggests a membrane location of the PTP involved, in close association with the receptor. PTPs bound to the plasma membrane, e.g. membrane spanning PTPs, are therefore likely candidates for negative regulation of receptors. Overexpression of such candidate PTPs, RPTP␣ (Fig. 4) , DEP-1, and RPTP 4 (31) indeed down-modulated the autophosphorylation activity of the two receptors chosen here. Previously published data (30, 48 -50) also support a role of transmembrane PTPs for the negative regulation of receptor tyrosine kinases. Another candidate PTP for the dephosphorylation of the EGFR (20, 23) and possibly the PDGF receptor (51) is the SH2 domain PTP SHP-1. We show here, that all four PTPs investigated are partially inactivated upon UV treatment of intact cells. Thus, the previously proposed concept of UV-evoked signal transduction via inactivation of growth factor receptor-directed PTPs (9) is supported by our experiments demonstrating inactivation of defined PTP species.
UV Imposes an Inactive Substrate Trapping Conformation on PTP-The fact that excess NAC prevents enzyme inactivation, shown here for endogenous PTP(s) in PDGF␤ receptor preparations and for PTP SHP-1, is usually taken as an indication for the existence of an oxidative intermediate. This would be compatible with the inactivation of PTPs by oxidants (9, 52) . Although it is not clear which molecule absorbs UV to then cause the generation of a reactive intermediate, the molecular target attacked by this intermediate could well be a cysteine present in the active centers of all PTPs. The best evidence for this assumption has been obtained by the comparison here of UVinactivated PTP with mutant PTP that carries a serine instead of a cysteine in the active center. Such mutants are catalytically inactive and have nevertheless been found to recognize and bind the substrate. Importantly, they remain bound, while active PTP releases the substrate after the cleavage (33) . Interestingly, UV irradiation creates a PTP conformation that also traps the substrate. The most straightforward explanation would be that UV through its reactive intermediate oxidizes the essential cysteine. The oxidized PTP then behaves like a cysteine replacement mutant. The chemical nature of the putative oxidation product is unknown. According to a recent report, H 2 O 2 treatment of recombinant PTPs in vitro generates inactive PTP through oxidation of the active cysteine into a sulfenic acid intermediate (53) . The H 2 O 2 -imposed PTP inactivation was fully reversible by treatment with thiol reagents and has been discussed as a physiological means of regulating PTP activity (53) . Alternatively, oxidation could result in formation of a disulfide bond with an unknown interaction partner (54) . Reversible disulfide formation with a heterologous protein has been shown to occur upon diamide-induced inactivation of the Band III-associated PTP in erythrocyte membranes (55) . Recently, an intramolecular disulfide formation has been seen in crystals of Cdc25, the cell-cycle related dualspecificity phosphatase, involving the catalytically active cysteine and a juxtapositioned cysteine which is specific for this phosphatase family (56) .
Our observations are in line with the hypothesis that PTPs may physiologically be regulated by a reduction/oxidation mechanisms. UV and other agents pervert the system by oxidizing PTPs and triggering receptor signaling in the absence of ligand.
